At the Laboratory for Precise Measurements of Length, currently the Croatian National Laboratory for Length, unique nano-roughness calibration standards were developed, which have been physically implemented in cooperation with the company MikroMasch Trading OU and the Ruder Bošković Institute. In this paper, a new design for a calibration standard with two measuring surfaces is presented. One of the surfaces is for the reproduction of roughness parameters, while the other is for the traceability of length units below 50 nm. The nominal values of the groove depths on these measuring surfaces are the same. Thus, a link between the measuring surfaces has been ensured, which makes these standards unique. Furthermore, the calibration standards available on the market are generally designed specifically for individual groups of measuring instrumentation, such as interferometric microscopes, stylus instruments, scanning electron microscopes (SEM) or scanning probe microscopes. In this paper, a new design for nano-roughness standards has been proposed for use in the calibration of optical instruments, as well as for stylus instruments, SEM, atomic force microscopes and scanning tunneling microscopes. Therefore, the development of these new nano-roughness calibration standards greatly contributes to the reproducibility of the results of groove depth measurement as well as the 2D and 3D roughness parameters obtained by various measuring methods.
Introduction
In the last two decades, there have been major developments in measurement equipment in the area of surface metrology, particularly scanning probe microscopes (SPMs). Manufacturers of measuring equipment supply instrumentation standards designed specifically for a particular measuring device in order to verify the accuracy of the device and calibrate it. There are several manufacturers of standards on the market in the field of dimensional nanometrology. In general, such standards are intended for individual groups of measuring instruments, such as interferometric microscopes, stylus instruments, scanning electron microscopes (SEMs) or SPMs [1] . In the field of micrometrology, requirements for the reference standards are defined by function but not size [2] .
The above-mentioned standards have established the foundation for standardization in the field of micrometrology, while assured traceabilities are accompanied by the adopted levels of measurement uncertainties. However, in the area of nanometrology, further intensive work and research are necessary in order to introduce standardization, as well as to ensure traceability and measurement unity at the global level.
Since 1986, the Laboratory for Precise Measurements of Length (LFSB) has used the roughness reference standards it designed in cooperation with the company RIZ, Zagreb. Due to the world-class quality of these standards and their measuring features, they were sold in several European countries and are still in use today as roughness reference standards in Italy, Slovenia and Croatia. However, especially during the last decade, there has been significant progress in the field of nanotechnology, which led to the development of new measuring equipment. Due to very positive experience with the existing LFSB roughness reference standards, it was decided to use them as the basis for the development of a new nano-roughness calibration standard. The above-mentioned standards cannot fully meet metrological requirements in the field of nanometrology due to their size, production technology and measuring features. Therefore, the search began for possible limitations in the procedure for groove depth measurements on the LFSB roughness standards. In order to include as many measuring devices, i.e. measurement methods, as possible in this investigation, in 2008 the LFSB launched EURAMET Project 1012, Limitations of Methods for Measuring Groove Depth, in collaboration with the national metrology institutes of Italy (INRIM), Egypt (NIS) and Croatia (LFSB), and the Ruder Bošković Institute (RBI) of Zagreb, Croatia, as an associate participant. Within the project, measurements were performed on seven calibration standards with different nominal groove depths: 100, 240, 860, 1600, 2100, 2700 and 4100 nm.
Evaluations of the reference values for the simple arithmetic mean, inverse-variance weighted means and the median for each groove depth standard measured have been performed. Given that the results had the same mean, statistically speaking, the classical chi-squared test was used to address the question of metrological equivalence. Namely, the task was to prove that the dispersion of the results is adequately described by the measurement uncertainties stated by the participants. The measurement results showed overall good comparability within the declared levels of measurement uncertainties [1] .
However, if we consider the measurement areas with respect to the measuring methods used, one can see that they are prepared by different technologies. Therefore, there is a question of the influence of the various measurement surfaces on the measurement results obtained with different measurement methods [1] .
Furthermore, a problem with the size of the calibration standards appeared during the atomic force microscope (AFM) measurements. Namely, the samples are 50 mm in diameter and, as such, cannot be measured by the majority of SPM devices due to the size limitations of these instruments.
Although the results showed good comparability, a new model of reference standards was considered for all the reasons discussed.
Standards in micrometrology and nanometrology
As previously discussed, a special problem in nanometrology is represented by the lack of standardization for calibration standards. Tremendous effort would be required in order to list and systematize the standards in use today in micrometrology and nanometrology. The biggest step in that direction has been made by the Physikalisch-Technische Bundesanstalt (PTB). In their tabulated synopsis [2, 3] is a listing of the currently available artifacts that may be used as standards and which are suitable for the calibration of stylus or optical instruments and SPMs.
Material measures for areal surface topography measuring instruments include crossed gratings, resolution artifacts and pseudorandom surfaces. A procedure of calibrating the scales of a surface topography measuring instrument is reported in [4] . Good practice guides on areal calibration have also been drafted for stylus instruments, coherence scanning interferometers, scanning confocal microscopes and focus variation instruments [4] .
Following the overview of the standards from [2, 3], a few facts should be pointed out. The first is certainly the choice of materials used for the structure of the standards. In 75% of the cases, it is silicon or silicon dioxide.
There is also the common use of coatings, with no material that can be singled out with respect to predominance. The materials used for coating of Si and SiO 2 structures are Cr, Ni, Si 3 N 4 , Pt, Ir, W or Au.
As for measuring structures, they are truly diverse and can be found in the forms of steps, grooves, honeycombs, lattice structures, checkerboards, CD replicas, etc. Also, the reported measuring ranges vary considerably from standard to standard in their vertical and lateral directions.
A common characteristic of the listed standards is that they are of small dimensions. In the case of rectangular forms, the dimensions do not usually exceed 10 mm.
As noted, a standard is generally designed for use with only one type of measuring instrument and, as such, cannot be used on other types of measuring instruments.
There are standards that are solely intended for SPMs and, due to their miniaturization, cannot be used with stylus instruments. Furthermore, there are standards with measurement areas suitable for contact measurements that do not meet the requirements for optical or tunneling current measurements.
Design of a new nano-roughness calibration standard
Based on the requirements for the features of standards from the overview published by PTB [2, 3], as well as from measurement results obtained within EURAMET Project 1012, a model of a new nano-roughness calibration standard has been proposed.
The new calibration standard has two measurement areas to ensure the ability to measure groove depths, as well as 2D and 3D roughness parameters in the field below 50 nm. One surface is a sequence of rectangular SiO 2 grooves, while the second measurement area consists of three wide rectangular SiO 2 grooves. Grooves with different lateral sizes are chosen in such a way that the calibration standard can be measured by different types of instruments. The probe dimensions have been considered in the design of the measurement areas. Both of the measuring surfaces of the calibration standard have the same nominal value of the groove depth, thus ensuring a link between the measuring surfaces. Two types of samples were manufactured, one in which the nominal value of the groove depths was 20 nm and the other in which it was 50 nm.
The impact of the measured calibration standard in uncertainty budget calculations is the one with the most influence. Therefore, reductions of the measurement area have been considered in order to help ensure better uniformity of the standard measuring surfaces. Since LFSB has more than 20 years of positive experience with Si/SiO 2 as materials for standard structures and since silicon is the most widely used material today for calibration standards in the field of dimensional nanometrology [2, 3], the new LFSB roughness standards were made of silicon. In figure 1 , a new nano-roughness calibration standard is presented.
Due to the transparency and electrical non-conductivity of the SiO 2 layer, Si/SiO 2 structures must be coated with a thin metallic layer, which provides the conditions for optical interference measurements and measurements that require conductivity of the measurement surface.
Therefore, the selected layer must provide the following:
-excellent mechanical properties, -good adhesion, -maintenance of the geometry of the primary Si/SiO 2 structure (the same level of deviation from parallelism and flatness), -required optical properties and -electrical conductivity.
A good candidate meeting all these requirements is chromium. Standards were coated at the RBI by evaporation using electron beam-physical vapor deposition. The thickness of the chromium layer was about 50 nm. In figure 2, a cross-section of the new nano-roughness standard is presented.
Testing the properties of the new nano-roughness calibration standards
In order to determine the characteristics of the new calibration standards, measurements were performed using a contact profilometer, interference microscope, AFM and scanning Although there are a number of different 2D and 3D roughness parameters, the parameters chosen for the purposes of this investigation describe the arithmetic mean and mean square deviation of the profile (Ra, Rq) and the surface (Sa, Sq). On the other hand, the selected 2D and 3D parameters (Rz and Sz) indicate the maximum deviations of the roughness profile and measured surface on the z-axis. The selected roughness parameters are those that are usually provided in certificates issued for roughness calibration standards.
Results obtained with the AFM
Measurements were carried out using an AFM NanoScope MultiMode, manufactured by Veeco Instruments. Two standards were measured, one with a nominal groove depth value of 20 nm (marked REH 20) and the other of 50 nm (marked REH 50). On both standards, nine scans were taken over a six-step sequence of the grooves, which corresponds to an evaluation length of 48 μm. Table 1 shows the arithmetic mean d and estimated standard deviation s of the obtained groove depth measurements.
The calculated values of the estimated standard deviations confirm the uniformity of the vertical components of the structures measured.
In figure 3(a) , a 2D scan of the REH 20 standard is presented. In figure 3(b) , there are three profiles indicated by three colors. A very good uniformity of the profiles was noted in both the lateral and vertical components. The results of 3D roughness parameters measured using the AFM on REH 20 and REH 50 standards are given in table 2. The scanning areas of SL surfaces were 50 μm × 50 μm.
Good agreement of the roughness parameters Sa and Sq between the measured surfaces has been found. The results indicate very good uniformity of the measured structures. Since these parameters describe the arithmetic mean (Sa) and mean square deviation (Sq) of the surface area, the eventual impact of extremes on the surface, for example in the form of impurities, will not significantly affect the measurement result. On the other hand, the parameter Sz is defined as the maximum height of the measured surface; therefore, the influence of any kind of impurity significantly affects the value of the said roughness parameter. This effect is particularly significant because the vertical components of the measured structures are 20 and 50 nm, so contamination of any kind significantly increases the measured values of the parameter Sz.
Results obtained with a contact profilometer
Measurements were performed using a Profilometer Dektak 150, manufactured by Veeco Instruments.
In figures 4 and 5, profiles were taken on a measurement surface with a grid of repetitive grooves on REH 20 and REH 50 standards. In both figures, the primary profile is indicated by the black color. The profiles indicated in green are the roughness profiles. The roughness component is separated from the primary profile using a Gaussan filter with a cut-off wavelength of λ c = 0.025 mm.
Considerable waviness was noted on the primary profile. The vertical components of the measured structures were several tens of nanometers. The profilometer used has an independent datum for the stylus traverse. The stylus traverse system with the independent datum could affect the appearance of waviness in the vertical range measured. Therefore, the observed waviness has to be considered as a summary of the influence of the standard's geometry and the impact of the stylus traverse.
In figure 6 , a segment of the measurement surface with a grid of repetitive grooves on the REH 20 standard is presented.
In figure 7 , a groove with the width W = 5 μm on the REH 50 standard is shown. The profile areas inside and outside the grooves indicate that the variations in the z-axis do not exceed 1.5 nm.
On the REH 20 and REH 50 standards, measurements of the roughness parameters Ra, Rq and Rz were performed. The results are presented in table 3, where x stands for the arithmetic mean of the measured roughness parameter, s is an estimated standard deviation and R is a measure of range. The parameters were measured on three roughness profiles.
The 2D roughness parameters from table 3 confirm the conclusions related to the results of the 3D parameters given in table 2. Namely, the estimated standard deviation of the parameters Ra and Rq corroborates the uniformity of the measured structures. However, the measurement results of the parameter Rz once again highlight the significant influence of the extremes on the measurement results obtained for that parameter.
Results obtained with an interference microscope
Absolute measurements of the groove depths were performed using an Epival-Interphako interference microscope, manufactured by Mahr. An iodine-stabilized He-Ne laser was used as the light source.
Analysis of the groove depths was performed on interferograms, such as those presented in figures 8 and 9. Table 4 . Groove depth results obtained using an interference microscope. The measurement results presented in table 4 indicate good uniformity of the deposited chromium layer. Furthermore, the geometry of the interference fringes implies that there was no destruction of the rectangular geometry of the primary Si/SiO 2 structure.
Results obtained with an STM
The last instrument used was an STM developed at the Institute of Physics of Zagreb, Croatia, based on the research of Wilms, Schmidt, Bermes and Wandelt [8] . Measurements were carried out on the REH 20 standard. The scanning areas were 700 nm × 700 nm.
In figure 10 , a segment of one of the grooves scanned with the STM is presented.
Groove depth measurement was performed on three profiles. The arithmetic mean of the results was d = 19.9 nm, with an estimated standard deviation of s = 0.1 nm.
Measurements of the 3D roughness parameters were preformed on a measurement area with a grid of repetitive grooves. The scanning areas of SL surfaces were 700 nm × 700 nm. In the first area (P-I), a segment of the groove was scanned, while the second measured area (P-II) was the surface inside the groove. The measurement results are shown in table 5.
The measurement results of the parameter Sq obtained in the scanning area P-I confirm good agreement with the results achieved with the AFM (table 2). The obtained value of the parameter Sz once again indicates the significant influence of impurities on that surface parameter.
The measurement results of the 3D parameters Sa and Sq in the scanning area P-II confirm small deviations from surface flatness.
The measurement results confirmed that the measuring surface on REH 20 standards is highly suitable for measurements using tunneling currents. Thus, the final expected property of the new nano-roughness standards has been positively confirmed. 
Analysis of measurement results
With regard to the method used, measurements of groove depth, 2D and 3D roughness parameters were conducted. Groove depth d was measured using interference microscope and AFM. Figures 11 and 12 present summarized groove depth measurement results on REH 20 and REH 50 standards.
Despite the fact that the grooves were measured in different areas on the calibration standards, achieved results revealed a good uniformity within a standard's measuring areas, as well as a good comparability between measuring areas.
Three-dimensional roughness parameters were measured using the AFM and STM. Measurement results are presented in summary table 6 .
Good agreement of the roughness parameters Sa and Sq between the measured surfaces has been found. The estimated standard deviation of the parameters Sa and Sq corroborates the uniformity of the measured structures.
However, the measurement results of the parameter Sz highlight the significant influence of the extremes, such as impurities, on the measurement results obtained for that parameter.
Two-dimensional roughness parameters were measured only on the contact profilometer with results presented in 
Conclusions
With the intensive progress of nanotechnology, new measuring instruments with sub-nanometer resolution have been developed. Consequently, problems with the reference standards in the nano-area have appeared. Furthermore, in the area of nanometrology there are particular difficulties in ensuring the reproducibility of measurement results obtained using different measuring devices (methods). As far as the authors are aware, the new design of the calibration standards discussed makes them unique. Namely, there are commercially available standards for a surface with a sequence of rectangular SiO 2 grooves but they are uncoated. These standards are usually intended to be used by AFMs but cannot be measured by interferometry or measurements that require electrical conductivity of the measured surface. As for groove depths, i.e. step heights with different widths that can be measured by a variety of different measuring methods, there are, of course, standards that were measured in the NANO2 intercomparison.
The new design of the calibration standard, which has two measuring surfaces with the same nominal value of groove depths, thus ensuring a link between the measuring surfaces, makes these standards unique. Furthermore, the chromium layer of these standards provides all the required conditions on the measuring surface for measurement with optical instruments, stylus instruments, SEMs, AFMs and STMs. Studies have confirmed the uniformity of the standard measurement surfaces in both the lateral and vertical directions.
In further research, comparative measurements of groove depth on new nano-roughness standards will be carried out using different measuring devices (methods) in order to determine the level of the repeatability and reproducibility of the measurement results. Moreover, a study on the suitability of a surface with repetitive grooves for the reproduction of 2D and 3D roughness parameters in the field of nanometrology will be conducted.
